Ventricular tachycardia (VT) is considered to be the most common precursor of ventricular fibrillation (VF). However, the mechanisms underlying the transition from VT to VF remain unclear. Here we investigated whether and how perfusion of the heart with verapamil, a blocker of L-type calcium channels, changed the macro-dynamics of the heart between VT and VF. The experiments were performed using Langendorff perfused isolated rat hearts, in which left ventricular pressure (LVP) and left ventricular cardiomyogram (LVCMG) were measured. Sustained VT or VF was induced by burst pacing of the left ventricular muscles. During sustained VF, verapamil perfusion resulted in the conversion of VF to VT.
Introduction
Ventricular fibrillation (VF) and reentrant ventricular tachycardia (VT) are the major immediate causes of sudden cardiac death (1) . Whereas VT is considered a rapid but well organized process, VF has been described as turbulent cardiac electrical activity, resulting from the random and aperiodic propagation of multiple independent wavelets throughout the cardiac muscle (2) . Clinical studies have shown that VF is almost always preceded by VT of variable duration, from a few to many beats (3, 4) . Also, in isolated rat hearts, spontaneous transition from VT to VF is frequently observed during reperfusion after global ischemia (5). However, the manner in which VT converts to VF, or vice versa is not yet fully understood despite more than a century of intensive study.
A number of previous studies have revealed that intracellular Ca 2+ overload predisposes the myocardium to abnormal electrical activities promoting VF (6,7). In addition, several Ca 2+ channel antagonists have been shown to prevent VF induced by myocardial ischemia in animals (8, 9) , as well as to reduce cardiac mortality in patients recovering from a myocardial infarction (10, 11) . Merillat et al. (12) reported that an increase in cytosolic, global Ca 2+ per se seems unnecessary for the initiation and maintenance of VF, and that an increase of Ca 2+ influx through L-type Ca 2+ channel (slow Ca 2+ channel) is essential. A previous report by Watanabe and Uchida (13) demonstrated in isolated rabbit hearts that rapid ventricular stimulation in the presence of verapamil, an antagonist of L-type Ca 2+ channel, resulted in the induction of sustained monomorphic VT, not VF. In a recent study by Samie et al. (14) , verapamil perfusion in Langendorff-perfused rabbit hearts converts burst pacing-induced VF to VT.
They postulated that verapamil-induced VF-to-VT conversion is most likely due to a reduction in the frequency rotors and a decrease in wavefront fragmentation that lessens fibrillatory
propagation. We have recently demonstrated that perfusion of isolated hearts with ruthenium red (RR), a blocker of mitochondrial Ca 2+ uptake, reversibly converts sustained VF to VT, and that such RR-induced conversion of VF to VT is antagonized by co-treatment with S(-)-Bay K8644, an activator of L-type Ca 2+ channels, suggesting that the inactivation of L-type Ca 2+ channels is responsible for the RR-induced effect on the macro-dynamics of hearts (15) . All these findings have led to an idea that the change in the activity of L-type Ca 2+ channels is crucially involved in the transition between VT and VF. However, there still remains uncertainly as to what mechanisms are critically involved in the verapamil-induced VF-to-VT conversion.
In addition, the changes in the macro-dynamics of hearts during 5 verapamil-induced VF-to-VT conversion have not yet been well characterized.
In this study, using isolated rat hearts, we investigated whether and how perfusion of the heart with verapamil, a blocker of L-type calcium channels, changed the macro-dynamics of the heart between VT and VF. This study has revealed that verapamil perfusion consistently converts rapid pacing-induced VF to VT in isolated rat hearts, and characterized such verapamil-induced changes in the macro-dynamics of the heart.
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Materials and Methods
The animal experiments conformed to the "Principles of laboratory animal care" (NIH publication No. 85-23, revised 1996), as well as the "guide for the care and use of laboratory animals", Hokkaido University School of Medicine.
Preparation of isolated heart
The method of heart isolation was described elsewhere in detail (5,15). In short, a total of 18 Male Wistar rats (8 weeks old, 240 -260 g) were anesthetized with diethylether and administered heparin at 400 U/Kg intravenously. The chest was opened, the aorta cannulated, and the heart excised and immediately placed in ice-cold Krebs-Henseleit bicarbonate (KHB) buffer. The heart was then connected to the Langendorff apparatus and aortically perfused in a at 37℃. The heart was enclosed in a small waterjacketed chamber. The temperature of the perfusate, as well as of the atmosphere surrounding the heart, was thermostatically controlled. 
Induction of ventricular tachyarrhythmias
Hearts were perfused for 20 min with KHB solution (equilibrium period). The left ventricle was then electrically stimulated with a bipolar electrode inserted into the left ventricular muscle. Burst pacing (pulse interval, 40-70 ms (14-25 pulses/sec); pulse width, 1 ms; Intensity, 60-80 V) of the heart for 60 sec or more successfully induced a sustained VF or
VT in most of the tested hearts (16 out of 18 hearts). Burst pacing usually induced a sustained VF, but in some cases a sustained VT. When burst pacing with the same pulse interval led to a non-sustained VF or VT, the pulse interval was automatically decreased stepwise in 5 ms decrements from 70 or 60 ms to 40 ms (programmed electrical stimulation protocol). The duration of each step was set at 20-30 sec.
Identification of arrhythmia
A digital storage-type oscilloscope (VC-11, Nihon Kohden, Tokyo, Japan) and a thermal pen recorder were used in the identification and analysis of waveforms and the diagnosis of arrhythmia. According to Merillat et al. (12) , VF was defined as 1) the development of a chaotic, irregular rapid LVCMG, 2) the loss of pulsatile left ventricular pressure (LVP), and 3) the loss of grossly observable, regular ventricular contraction. Monomorphic VT was defined as a rapid LVCMG with a regular and stable rhythm and a regular cyclic change in LVP with small amplitude. The induced VT or VF was considered sustained if these conditions persisted longer than 5 min.
Signal processing
The LVCMG signals stored on a DAT recorder were fed into an IBM compatible personal computer with "QuickVu-II" software (Teac, Tokyo, Japan), and analyzed on "Matlab" (The 9
MathWorks, Inc., MA). Spectral analysis was performed using the fast Fourier transform (FFT). Unipolar LVCMGs and LVP, in some cases, were used for the FFT analysis.
Drugs used and their application
Verapamil and nifedipine, blockers of L-type calcium channels, were obtained from Sigma (St. Louis, MO). The other chemicals were from Wako Chem. (Tokyo, Japan).
Statistics
The data are expressed as the mean±S.D. Comparisons were performed using the one-way analysis of variance (ANOVA) followed by a paired t-Test. A P value of less than 0.05 was considered statistically significant.
Results
During pacing-induced sustained VF, we perfused the hearts with 600 nM verapamil, a blocker of L-type Ca 2+ channels. Perfusion of the heart with 1.0 μM nifedipine, a different blocker of L-type Ca 2+ channels, also converted the pacing-induced sustained VF to VT (n = 2 hearts; data not shown), suggesting that the verapamil-induced conversion of sustained VF to VT was due to the blocking of L-type Ca 2+ channels by verapamil.
We then performed a cross-correlation analysis between LVCMG and LVP associated with verapamil-induced conversion of pacing-induced VF to VT. VT observed in Fig. 1 was not due to an accidental spontaneous transition.
We then investigated whether rapid pacing could induce sustained VF when the heart was pre-perfused with verapamil for longer durations before the application of pacing stimulus (n=2 hearts) (Fig. 4) . After 1 μM verapamil perfusion for 2 min, the heart was then rapidly Hz remained almost constant. However, the peak frequency gradually became low after the washout of verapamil (4h). A short-term Fourier transformation of LVP also indicates the characteristic change in the frequency spectrum of LVP during rapid pacing as well as during and after verapamil perfusion (4B).
We then investigated whether perfusion with verapamil during pacing-induced sustained VT produced any change in either the LVCMG or the LVP (n=4 hearts) (Fig. 5) . During pacing-induced sustained VT, perfusion of hearts with 1μM verapamil did not result in appreciable changes in the VT-like patterns of the LVCMG (5A, 5a-5c), the FFT spectrum(5d-5f), the short-term Fourier transformation of the LVCMG (5B), or the FFT spectrum (5g-5i) and the short-term Fourier transformation of the LVP (5C). This finding suggests that the activity of L-type Ca 2+ channels was already being suppressed during sustained VT. However, 1μM verapamil treatment produced a gradual reduction in the peak-to-peak amplitude of the VT-like regular cyclic change in the LVP (5A & 5a-5c).
Discussion
The present study has demonstrated that perfusion of isolated hearts with either verapamil or nifedipine, blockers of L-type Ca 2+ channels, consistently resulted in the conversion of rapid pacing-induced sustained VF to VT, and characterized the changes in macro-dynamics of the heart associated with the transition from VF to VT. In addition, verapamil infusion abolishes ischemia/reperfusion-induced VF in isolated rat hearts (16) . Verapamil also induces a gradual transition from burst pacing-induced VF toward stationary reentrant VT reversibly (14, 17) . In addition, the flattening of the action potential duration (APD) restitution curve caused by the inhibition of L-type Ca 2+ channel activity by verapamil has been shown to convert VF to VT in canine or porcine ventricles (18, 19) .
The slope of APD restitution is known to determine certain dynamical behavior of the heart that is relevant to the transition between VT and VF (20) .
All these previous findings lead to the idea that changes in the Ca 2+ entry through the L-type Ca 2+ channel plays a critical role in the transition between VT and VF.
Verapamil, one of the class IV antiarrhythmic agents, is not selective for the myocardial L-type Ca 2+ channel (16) . Therefore, there is a possibility that verapamil-induced conversion of pacing-induced sustained VF to VT was caused by the other drug actions of verapamil. Abbreviations: stim, pulses of rapid pacing. Other abbreviations are the same as in Fig. 1 .
Fig. 4
Rapid pacing-induced sustained VT caused by pre-treatment with verapamil. Power spectral density (PSD) increases from dark blue to red through yellow.
